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ABSTRACT
With the help of Gaia DR2, we are able to obtain the full 6-D phase space information for stars from
LAMOST DR5. With high precision of position, velocity, and metallicity, the rotation of the local
stellar halo is presented using the K giant stars with [Fe/H]< −1 dex within 4 kpc from the Sun. By
fitting the rotational velocity distribution with three Gaussian components, stellar halo, disk, and a
counter-rotating hot population, we find that the local halo progradely rotates with VT = +27
+4
−5 km s
−1
providing the local standard of rest velocity of VLSR = 232 km s
−1. Meanwhile, we obtain the dispersion
of rotational velocity is σT = 72
+4
−4 km s
−1. Although the rotational velocity strongly depends on the
choice of VLSR, the trend of prograde rotation is substantial even when VLSR is set at as low as 220 km
s−1. Moreover, we derive the rotation for subsamples with different metallicities and find that the
rotational velocity is essentially not correlated with [Fe/H]. This may hint a secular evolution origin of
the prograde rotation. It shows that the metallicity of the progradely rotating halo is peaked within
-1.9<[Fe/H]<-1.6 without considering the selection effect. We also find a small fraction of counter-
rotating stars with larger dispersion and lower metallicity. Finally, the disk component rotates with
VT = +182
+6
−6 km s
−1 and σT = 45+3−3 km s
−1, which is quite consistent with the metal-weak thick disk
population.
Keywords: galaxies: individual (Milky Way) — Galaxy: kinematics and dynamics — Galaxy: halo —
Stars: individual (K-giants)
1. INTRODUCTION
It has been widely accepted that the Milky Way, at
least the halo, was formed through hierarchically merg-
ing smaller stellar systems, such as globular clusters and
dwarf galaxies (Belokurov et al. 2006). With a long
time evolving, the stellar members of those merged sys-
tems will be continuously stripped and then form stellar
streams (Johnston et al. 1999). Such phenomena have
been widely searched with photometric sky surveys, e.g.
SDSS (York et al. 2000) and Pan-STARRS (Bernard
et al. 2016). Since the first stellar stream, Sagittarius
Corresponding author: Chao Liu
liuchao@nao.cas.cn
stream, discovered by Ibata et al. (1994), many streams
have been discovered with matched filter method (Rock-
osi et al. 2002; Grillmair & Carlin 2016; Grillmair &
Dionatos 2006a,b,c; Grillmair 2009) and other methods
(Mateu et al. 2018). But the streams are not the final
fate of those merged clusters or dwarf galaxies, a longer
evolving time will make the streams more and more re-
laxed and finally become part of the smoothing halo,
i.e. it is not visible in the geometric space (Helmi et
al. 1999), even blurred in the phase space (Helmi & de
Zeeuw 2000; Sanderson et al. 2015).
Assuming those merged stellar systems fell in with
random orbits (Sanderson et al. 2015), the contribu-
tion of z−axis angular momentum Lz overall should
be around 0. The net angular mometum is directly
related to the merging history, not only including the
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minor mergers of the globular cluster and dwarf galax-
ies, such as the Sagittarius Stream, but also includ-
ing the major merger events, such as the recently dis-
covered Gaia-Enceladus(Helmi et al. 2018), also named
Gaia-Sausage(Belokurov et al. 2018), which contibutes
a larger fraction of retrogradely rotating stars. Another
possibility is that the merged halo was driven to slowly
rotate by the non-axisymmetric structure in the disk
(e.g. bar) in a long time scale (Athanassoula et al. 2013).
The studies on dynamics of the halo have been done
since 1980s (Frenk & White 1980) who used 66 clus-
ters to constrained the rotation velocity 60±26 km s−1.
As the velocity ellipsoid is directly related to the mass
distribution of the halo (Binney & Tremaine 2008),
more work focused on the distribution of the dispersions
(Sommer-Larsen et al. 1997; Sirko et al. 2004; Smith et
al. 2009; Hattori et al. 2013; Kafle et al. 2013; Loebman
et al. 2018).
Because of the difficulty of observation of proper mo-
tions, especially for distant stars. Morrison et al. (1990)
studied the kinematics of the halo and disk using the
G and K giant stars within 4 kpc from the Sun, and
claimed a prograde rotation of VT = 25 ± 15 km s−1.
They also showed that the metallicity of the thick disk
stars can be as low as -1.6. Smith et al. (2009) studied
the kinematics of the local halo using ∼1700 solar neigh-
bourhood subdwarfs and found that the stellar halo ex-
hibits no rotation and the rotational velocity Vφ disper-
sion 82± 2 km s−1 , what should be noticed is that the
typical velocity errors are large, about 30 to 50 km s−1.
More recently, the progress of the observations and
data analysis techniques, high precision proper motions
have been obtained through combining catalogues ob-
tained at different epochs cross a long time baseline
(Tian et al. 2017; Belokurov et al. 2018). Deason et al.
(2017) used the 3D velocity calculated from the proper
motion of different tracers, including RR Lyrae, Blue
Horizontal Branch (BHB) and K giant stars, in a distant
volume from Gaia Data Release (hereafter GDR) 1 and
SDSS dataset to study the halo rotation. A prograde
rotation was found with VT = 14±2±10 km s−1. What
is more, the metal richer stars are showing a stronger
prograde rotation which is explained as a small fraction
of halo stars formed in situ. Kafle et al. (2017) also
found a similar trend with samples of Main Sequence
Turnoff and K giant stars only with radial velocity aval-
ible. What is different is that the metal poorer K giant
stars show a retrograde rotation.
Since Carollo et al. (2007) discovered the inner and
outer halo and claimed that the inner halo is rotating
progradely, in contrast the outer components is rotating
retrogradely. But the systematic bias in distance esti-
mates led to a debate (Scho¨nrich et al. 2011; Beers et al.
2012). This will be highly improved by the Gaia mission
(Perryman et al. 2001).
GDR2 (Gaia Collaboration et al. 2018a,b,c,d,e,f) con-
tains ∼1.3 billion stars high accuracy proper motions
and parallaxes, which have brought a series of amazing
results about the halo, such as the velocity determina-
tion of globular clusters and rotation curve of the Large
Magellanic Cloud (Gaia Collaboration et al. 2018e). Be-
sides, Gaia Collaboration et al. (2018e) also derived a
lower limit total mass for the Milky Way.
Guoshoujing Telescope (the Large Sky Area Multi-
Object Fiber Spectroscopic Telescope, hereafter LAM-
OST) is a 4-meter, quasi-meridian, reflecting Schmidt
telescope which makes it an efficient spectroscopic tele-
scope (Cui et al. 2012; Deng et al. 2012; Zhao et al.
2012). Liu et al. (2017) and Xu et al. (2018) used metal
poor K giants from LAMOST to trace the density pro-
file of the halo and found an inner oblate, outer nearly
spherical profile. Recently, LAMOST has released its
5th data (DR5). As low resolution of R = 1800, the
uncertainties of Teff and [Fe/H] are typical ∼ 100 K and
∼ 0.1 dex, respectively, for the stellar spectra with signal
to noise ratio larger than 30.
The paper studies the rotation of the local stellar halo
using the conbination of the GDR2 and LAMOST DR5
K-giant stars and is constructed as follow. In Section 2,
the sample stars are selected. The model of the distibu-
tion of rotational velociy is developed in Section 3. The
results are discussed in Section 4. The conclusions are
listed in Section 5.
2. DATA SAMPLE
In this work, we use K giant stars selected from LAM-
OST DR5 based on the criteria suggested by Liu et al.
(2014) to study the rotation of the nearby halo. After
cross-matching with GDR2, we obtained the parallax,
proper motions, radial velocities and metallicities for the
tracer stars. A robust metallicity cut with [Fe/H]< −1
is used to remove the majority of disk stars, which leaves
6660 K giant stars. In this case most of the thin disk
stars and many thick disk stars will be removed. As we
will discuss in the following sections, the left disk com-
ponent will be considered during the analysis. With the
distances from Bailer-Jones et al. (2018), the samples
within 4 kpc and relative distance error Derror/D < 0.2
are further selected so that the distance estimates are
reliable, and 3827 stars are left in the sample. Com-
paring the radial velocities between GDR2 and LAM-
OST, we find an offset RVGaia−RVLAMOST of 5.38 km
s−1, which was also mentioned by Tian et al. (2015) and
Scho¨nrich & Aumer (2017). To avoid this systematics,
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Figure 1. Distributions of the errors of proper motions, radial velocities and cylindrical velocities in the left, middle and right
panels respectively. The red line in the left panel indicates the limit of the distance error 20%. The arrows indicate the median
errors for each quantities.
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Figure 2. Distributions of the sample in geometric space
(top panels) and velocity space (bottom panels).
we adopt the radial velocity provided by GDR2. Fig-
ure 1 shows the error distributions of distance, proper
motions and radial velocity in the left, middle and right
panels respectively. We can find that the errors of dis-
tance increase with distances. From the middle panel,
the median errors of proper motion in RA and DEC
are 0.065 and 0.054 mas yr−1, respectively, which are
labelled with red and green arrows. The median error
of radial velocity is 1.0 km s−1 labelled with arrow in
the right panel.
We use galpy (Bovy 2015) to calculate the 3D loca-
tions in heliocentric cartesian coordinates, X, Y , Z, and
velocity components in galactocentric cylindrical coordi-
nates, radial component VR, rotational (azimuthal) com-
ponent VT , and vertical component VZ . By default, we
adopt the velocity of the local standard of rest (LSR)
with respect to the Galactic center as VLSR = 232 km
s−1 (McMillan 2017) and the solar motion with respect
to the LSR as (U, V,W) =(11.1, 12.24, 7.25) km s−1
(Scho¨nrich et al. 2010).
Figure 2 shows the distributions of the selected K gi-
ant stars in geometric (top panels) and velocity (bottom
panels) spaces. The samples do not show disk-like fea-
tures, implying that most of the disk stars are removed
by the cut in [Fe/H]. The top panels show that the stars
are rarely sampled at X > 0, Y > 0, and Z ∼ 0, which
is caused by the observational limit of LAMOST survey.
This would not affect the detection of the rotation of the
halo. The bottom-left panel shows that the distribution
in VR versus VZ space is quite smooth. And the bottom-
right panel displays an excess with VT at around 200 km
s−1, which may be the slight contamination of the thick
disk.
In Figure 3, noobvious correlation between [Fe/H]
and RGC is found. The colors of the dots indicate the
distance errors, which also show no significant correla-
tion with [Fe/H]. This implies that the samples do not
experience any selection bias in metallicity.
In the middle panel, the distribution of the rotation
velocity VT versus metallicity [Fe/H] is shown with the
gray dots. Clearly we find that more stars are progradely
rotating in the metal richer side, which is suggested to
be the disk component. The black lines in the blue and
red shades are the rotation velocity for the halo and disk
components respectively, which will be discussed in the
later sections.
In the right panel, the errors of the velocities are
shown, which are calculated following the calculation of
Johnson & Soderblom (1987). The median errors of VR,
VT and VZ are 5.4, 11.3 and 4.3 km s
−1 as represented
by the red, green and blue arrows, respectively.
3. MODEL OF THE DISTRIBUTION OF VT
In Figure 4, it is seen that the distribution of VT for
the samples (black dots with error bars) shows two peaks
and a long tail beyond VT < −200 km s−1. This hints
that it may contain three components, The most dom-
inated component shows up a peak located just at the
right side of VT = 0. The second component contributes
a metal-rich peak at around 200 km s−1. And the third
one, maybe a broad one, contributes to the long tail at
VT < −200 km s−1, especially at metal poor end. By
convenience, we assume all the three components are
Gaussians and their distribution of VT can be defined as
4 Tian et al.
4 6 8 10 12
RGC
2.5
2.0
1.5
1.0
[F
e/
H
]
0.0
0.2
0.4
0.6
0.8
2.5 2.0 1.5 1.0
[Fe/H]
400
200
0
200
V T
0 5 10 15 2010
1
102
103
co
un
t(*
)
VR
VT
VZ
Figure 3. Left panel: The distribution of stars in RGC − [Fe/H] plane with color-coded distance error. Middle panel: The
rotational velocity distribution of the K giant stars is shown as the gray dots. The black solid lines in the blue and red shaded
regions indicate the rotational velocities of the disk and halo components, respectively. The shadow colors from heavy to light
represent the uncertainties from 1σ to 3σ. Right panel: The distribution of the errors of three velocity components. The red,
green and blue arrows indicate the median errors for VR, VT and VZ , respectively.
pi(V
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T |fi, VT,i, σi, (k)) =
fi√
2pi(σ2i + 
2
k)
exp
(
− (V
k
T − VT,i)2
2(σ2i + 
2
k)
)
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(1)
where i = 1, 2, 3 represent for the three components, fi,
VT,i, and σi stand for the fraction, mean velocity, and
velocity dispersion for the ith component, respectively.
k is the error of VT for kth star. According to Bayes’
theorem, the posterior probability distribution of the
unknown parameters can be written as
p(θ1, θ2, θ3|VT ) ∝
n∏
k=1
3∑
i=1
pi(VT |θi, (k))p(θ1, θ2, θ3),
(2)
where θi = (fi, VT,i, σi) is the paramter vector for the
ith component. k represents for the kth star in the
samples with totally n stars. We adopt simplistic and
loose uniformly distributed priors such that 0 < fi < 1,
−100 < VT,1 < 100 km s−1, 100 < VT,2 < 300 km s−1,
−200 < VT,3 < 0 km s−1, and σi < 200 km s−1. We fur-
ther requires f1 + f2 + f3 = 1 so that f3 is not a free
parameter but derived from f1 and f2. Therefore, we
totally have 8 free parameters in the model, i.e. f1, f2,
VT,1, VT,2, VT,3, σT,1, σT,2, and σT,3.
Then we apply emcee (Foreman-Mackey et al. 2013)
to run a Markov Chain Monte Carlo (MCMC) simula-
tion with Affine solver for Eq. (2) with 2000 burn-in
iterations. Figure 5 shows the results of the MCMC.
We adopt the median values of the MCMC samples as
the best-fit parameters and show the best-fit models in
the top-left panel of Figure 4. The differences between
the median values and the 16% and 84% values are cal-
culated as the upper and lower uncertainties for each
parameter. The first row of Table 1 lists the best-fit pa-
rameters and their uncertainties of the three Gaussians.
4. RESULT
4.1. Identification of the three components
The 1st component with VT,1 = 27
+4
−5 km s
−1 and
σT,1 = 72
+4
−4 km s
−1 is likely the stellar halo popula-
tion, since the dispersion is quite similar to Smith et
al. (2009) and Bird et al. (2018) at galactocentric dis-
tance of 10 kpc. The 2nd component shows quite faster
rotation with VT,2 = 182
+6
−6 km s
−1 and smaller disper-
sion σT,2 = 45
+3
−3 km s
−1. It is noted that Morrison et al.
(1990) claimed that the metal-weak thick disk has rota-
tional velocity of < Vφ >= 170±15 km s−1, Beers et al.
(2014) also obtained quite similar values < Vφ >= 181
km s−1 with a dispersion 53 km s−1 and < Vφ >= 166
km s−1 with a dispersion 47 km s−1 using the metal
weak thick disk samples selected by Bidelman & Mac-
Connell (1973) and Ruchti et al. (2011) respectively, all
of which are quite consistent with our results. Therefore,
the second component in our results is believed to be the
metal-weak thick disk dynamically. The 3rd component
shows retrograde rotation with VT,3 = −99+47−58 km s−1
and larger dispersion of 124+23−19 km s
−1. As we see in
Section 4.3, this population has lower metallicity than
the other two. It is either the so-called outer halo (Car-
ollo et al. 2007) or an accreted debris in the solar neigh-
borhood. In this work we focus on the stellar halo, i.e.
the 1st component.
4.2. The rotation of the local stellar halo
The stellar halo with the heliocentric distance of 4
kpc (the 1st component) shows a significant prograde
rotation of 27+4−5 km s
−1. Comparing to other works,
such rotation is different with the value from Deason
et al. (2017) and the value for K giant samples from
Kafle et al. (2017). What should be kept in mind is that
their samples have no overlapping with ours. Morrison
et al. (1990) also studied the halo and disk with K giant
stars within 4 kpc and found that the stellar halo with
[Fe/H]< −1.6 progradely rotates with 25±15 km s−1,
which is quite consistent with ours, while the dispersion
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Figure 4. The top-left panel shows the distribution of VT for all the sample stars (black dots). The error bars are derived
from Poisson distribution. The bin size is set at 10 km s−1. The red, blue, and green dashed lines indicate the best-fit Gaussian
components i = 1, 2, and 3 respectively. The thick black solid line indicates the total distribution of the three-Gaussian model.
The lower plot in the panel shows the residual distribution between the data and the model. No significant substructure is found
in the residuals. The other panels are similar to the top-left one but for different [Fe/H] bins. From top-right to the bottom-
right, the panels show the distribution of VT and the corresponding best-fit models with metallicity bins of -2.5<[Fe/H]<-1.6,
-1.6<[Fe/H]<-1.3, and -1.3<[Fe/H]<-1.0, respectively.
they detected is at 98±13 km s−1, slightly larger than
this work. Considering the recent work by Belokurov et
al. (2018), where the volumes selected overlap with ours,
the rotational velocity are quite similar with ours, 20 to
30 km s−1 in spherical coordinate.
4.3. VT versus metallicity
Deason et al. (2017) used accurate proper motion to
study the rotational velocity of halo stars and argued
that the prograde rotation of the metal richer K giants is
faster than that of the metal poorer sample. Kafle et al.
(2017) also obtained a similar trend, but the difference
is not significant. In light of those works, we detect
the rotational velocity for the sub-samples with different
metallicities.
We separate the samples into three sub-groups with
−2.5 <[Fe/H]< −1.6, −1.6 <[Fe/H]< −1.3, and
−1.3 <[Fe/H]< −1.0. For each sub-sample, similar
MCMC simulation is applied and the best-fit 3-Gaussian
model parameters are listed in Table 1. The comparison
between the observed distributions of VT and the models
for different metallicities are displayed in Figure 4.
The black line with red shadow in Figure 3 indicates
VT,1 as a function of [Fe/H] for the halo population (the
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Table 1. Best fit parameters of 3-Gaussian Models derived from MCMC.
f1 f2 f3 VT,1 σT,1 VT,2 σT,2 VT,3 σT,3 N
km s−1 km s−1 km s−1 km s−1 km s−1 km s−1
all 0.741+0.038−0.047 0.231
+0.034
−0.030 0.028 27
+4
−5 72
+4
−4 182
+6
−6 45
+3
−3 -99
+47
−58 124
+23
−19 3827
-2.5<[Fe/H]<-1.6 0.828+0.089−0.164 0.046
+0.041
−0.017 0.126 38
+9
−8 85
+5
−7 212
+12
−37 30
+21
−9 -47
+32
−58 113
+21
−9 1134
-1.6<[Fe/H]<-1.3 0.752+0.066−0.071 0.217
+0.068
−0.061 0.031 11
+7
−7 63
+5
−5 159
+18
−18 56
+8
−8 -115
+60
−55 158
+25
−26 1020
-1.3<[Fe/H]<-1.0 0.550+0.058−0.059 0.421
+0.039
−0.043 0.029 24
+7
−6 60
+7
−7 176
+6
−6 47
+3
−3 -31
+23
−52 112
+25
−9 1673
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1st component). Rather than an increasing rotational
velocity with the metallicity argued by previous works,
this result prefers to an essentially flat relation between
VT,2 and [Fe/H]. In other word, we do not find the rota-
tion of the local stellar halo is substantially correlated
with metallicity.
It is worthy to note that the K giant samples used by
Deason et al. (2017) are within 50 kpc and |z| > 4 kpc
and the samples used by Kafle et al. (2017) are within
17 kpc and |z| > 4 kpc. Neither of them is spacially
overlapping with our sample.
The fraction f1 of the halo population seems also in-
dependent of [Fe/H], as seen in the corresponding col-
umn of Table 1. However, we find that f1 is peaked at
-2<[Fe/H]<-1.6. We find that f1, the fraction of the
halo population, decreases with metallicity, because of
the increasing of the disk population. This again con-
firms that the first component should be the stellar halo.
Note that the selection effect in [Fe/H] is not taken into
account.
The black line in the blue shadow in Figure 3 shows
rotational velocities at different metallicity bins for the
disk component (the 2nd component). It is seen that
the uncertainties of VT,2 become smaller at metal richer
side. This is because the fraction of the disk becomes
larger when [Fe/H] increases, as seen in the column f2
of Table 1. Thus more stars are involved in this com-
ponent. This supports that the component has higher
metallicity than the halo population.
Finally, f3 column in Table 1 shows that the
counter-rotational component occupies about 12.6%
at −2.5 <[Fe/H]< −1.6 and only contributes 2.9% at
−1.3 <[Fe/H]< −1.0. This means that it is contributed
by the most metal-poor stars. The averaged metallic-
ity of the component may be even lower than the halo
population. This is consistent with Carollo et al. (2007)
that the outer halo has metallicity of ∼-2.2 dex and in
counter-rotation.
4.4. Possible mechanism of the prograde rotation of
the stellar halo
The flat relationship between VT,1 and [Fe/H] implies
that the prograde rotation may not be originated from
the sustained angular momenta of the minor mergers,
but in favor of an effect of secular evolution. Indeed,
Athanassoula et al. (2013) suggested that the rotating
bar in the central region of the Galactic disk may trans-
fer angular momenta to the halo. It is also noted that
Xu et al. (2018) found the halo is oblate with axis-ratio
lower than 0.5 at around 10 kpc, which may be related
to the rotation of the halo. It is noted that, from Figure
2 in Helmi et al. (2018) the Gaia-Enceladus contributes
a non-ignorable fraction of stars in the local volume,
especially with metallicity around -1.5, what’s more, al-
most all of those stars are retrogradely rotating. This
indicates that the relatively slower rotation velocity in
our results with metallicity between -1.6 and -1.3 might
be caused, at least partly, by the major merger event.
4.5. Impact from parameter choices
As the LSR velocity brings a directly change in the ro-
tational velocity during the conversion from proper mo-
tions, radial velocities and distances, we test the effect
of different choices of VLSR. We select three VLSR val-
ues from literatures, 240 km s−1 (Reid et al. 2014), 232
km s−1 (Scho¨nrich et al. 2010) and 220 km s−1 (Dehnen
2000) for the test. We obtain that VT = 35
+4
−5, 27
+4
−5,
and 15+4−5 km s
−1 for VLSR = 240, 232, and 220 km s−1,
respectively. It is clear that a larger VLSR leads to a
higher halo rotation speed. However, even with the min-
imum value of VLSR=220 km s
−1, the stellar halo is still
in substantially prograde rotation. Moreover, we also
find that the rotational velocity is essentially indepen-
dent of the metallicity with different VLSR.
5. CONCLUSION
We have studied the rotation of the halo with local
K giant star samples within 4 kpc. Using the proper
motions and radial velocities from Gaia and metallicities
from LAMOST, we draw the following conclusions.
Firstly, the rotational velocity of the local stellar halo
is strongly correlated to the LSR speed, VLSR, and also
the azimuthal velocity of the Sun, V. With VLSR = 232
km s−1 and V=12.24 km s−1, the halo is progradely
rotating with VT = 27
+4
−5 km s
−1. The dispersion of VT
of the halo K giant stars is σVT = 72
+4
−4 km s
−1.
Secondly, we find that the rotational velocity of the
stellar halo is independent of the metallicity in the local
volume, which is different with the results in the outer
volume claimed by Deason et al. (2017) and Kafle et
al. (2017). The flat relationship between VT and [Fe/H]
hints that the rotation may be due to secular rotation,
rather than due to the net angular momenta from the
minor mergers.
Finally, we also identified a metal-poor and counter-
rotating hot component with rotational velocity of
−99+47−58 km s−1, which is likely the outer halo. And
a disk-like component rotating with VT=182
+6
−6 km s
−1
is also identified, which is likely the metal-weak thick
disk by comparing the results with previous results
(Morrison et al. 1990; Beers et al. 2014).
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